Several mutants of Rhodopseudomonas sphaeroides defective in the derepression of the enzyme ribulose 1,5-bisphosphate carboxylase have been isolated by using the unstable TnS vectors pJB4JI and pRK340. Transpositional insertion mutants obtained with pJB4JI were demonstrated to be incapable of increasing ribulose 1,5-bisphosphate carboxylase/oxygenase levels when grown on butyratebicarbonate medium or under conditions of carbon starvation, whereas the wildtype strain increased activity four-to eightfold. When the wild-type strain was starved for carbon in the presence of chloramphenicol, no derepression was observed. Crude extracts from mutant and wild-type strains had distinct and consistent differences in protein content as observed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis. Chromatographic evidence indicated that mutants were defective in the regulation of only one of the two forms of ribulose 1,5-bisphosphate carboxylase/oxygenase synthesized by R. sphaeroides.
Ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase, the first and key enzyme of the Calvin cycle, is the primary catalyst of carbon fixation in plants and most photosynthetic bacteria. The enzyme catalyzes the fixation of carbon dioxide onto the enediol of RuBP to yield two molecules of D-3-phosphoglycerate. It is also the key enzyme in the competing, less efficient, photorespiratory pathway, catalyzing the oxygenolysis of RuBP to yield one molecule each of 3-phosphoglycerate and 2-phosphoglycolate.
Despite the obvious agricultural significance of this enzyme, little or nothing is known about its regulation at the molecular level. For this purpose Rhodopseudomonas sphaeroides, a member of the Rhodospirillaceae, provides a useful model system. Because of its versatility, mutants in the regulation of RuBP carboxylase/oxygenase can be obtained. When grown anaerobically under photoautotrophic conditions in an HZ-CO2 atmosphere or photoheterotrophically with a reduced fatty acid, such as butyrate, as an electron donor, this organism requires high levels of RuBP carboxylase activity to grow (3, 15) . However, when cultured photoheterotrophically with oxidized organic acids, such as malate, as the electron donor, only low levels of this enzyme are required (15) . Therefore, mutant strains incapable of producing high levels of RuBP carboxylase activity may be obtained by selecting strains capable of photosynthetic growth on malate, but incapable of growth in the butyrate-bicarbonate medium or in an H2-CO2 atmosphere. In addition it has been shown that this organism produces two distinct structural forms of RuBP carboxylase/oxygenase, form I and form II (3) . Form I RuBP carboxylase/oxygenase is similar to the enzyme produced by eucaryotic phototrophic organisms (10, 11) and is composed of an aggregate of eight large subunits that are responsible for the catalytic activity of the enzyme (11, 12) and eight small subunits that may play a regulatory role in catalysis (5) . Form II RuBP carboxylase/oxygenase is a hexamer of six large subunits, lacking small subunits, and is thus similar to the dimer observed in Rhodospirillum rubrum (18) . Immunological (3, 4) and peptide mapping studies (15) indicate that the large subunits from the form I and form II enzymes might be distinct proteins (J. L. Gibson Bacterial strains and plasmids. The R. sphaeroides parental strain used in this study was a streptomycinresistant derivative of strain ATCC 17023, capable of growth at 42°C (designated HR).
Plasmid pJB4JI is a suicide plasmid that encodes gentamycin resistance and carries transposon TnS, which carries kanamycin and neomycin resistance inserted into a Mu phage genome (1). The pJB4JI donor strain was Escherichia coli strain 1830, a prometC auxotroph, and was kindly provided by Sharon Long (Harvard University).
Plasmid pRK340 is a heat-labile, carbenicillin-sensitive derivative of RK2 which carries TnS in place of its native kanamycin resistance. The host strain is a Mu and naladixic-acid resistant E. coli C600 strain and was provided by Richard Meyer (The University of Texas at Austin).
Media and growth conditions. PYE medium is a complex medium consisting of 0.3% peptone, 0.3% yeast extract, 10%o Ormerod Since mutagenesis with pRK340 requires a heat induction step, transconjugants were grown aerobically in liquid PYE in a shaker flask at 30°C. After cultures reached early log phase they were transferred to 37°C. After heat induction, strains were prepared for, and subjected to, ampicillin selection as described above.
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Derepression on butyrate-bicarbonate and carbonfree media. Cell material from 20 ml of a stationaryphase, anaerobically grown PYE culture was harvested and washed twice with sterile malate medium and subsequently transferred to 800 ml of malate medium. After anaerobic growth in the presence of argon, cell material was again harvested and either washed once with butyrate medium and suspended in 800 ml of butyrate medium or washed three times in MSM and suspended in 800 ml of MSM. Cultures to be transferred to butyrate medium were precultured on malate to the stationary phase, whereas log-phase cultures were used for carbon starvation experiments. In either case, 10-ml samples were immediately removed. After the absorbance at 650 nm was determined, cell samples were washed once in 5 ml of 50 mM Trishydrochloride-1 mM EDTA (pH 7.5) and then suspended in 0.5 ml of 25 mM Tris-hydrochloride buffer (pH 7.5) containing 1 mM EDTA and 5 mM 2-mercaptoethanol and frozen at -70°C. Cultures suspended in butyrate and carbon starvation media were then incubated with argon for 10 and 3 days, respectively; 10-ml samples were removed each day and treated as above. After the end of the experiment, samples were permeabilized with toluene and assayed for carboxylase activity by the whole cell method previously described (16) .
Preparation of extracts. Endpoint cultures of carbon starvation experiments and stationary-phase malate cultures were harvested and suspended to 1/100 volume in 25 mM Tris-hydrochloride buffer (pH 7.5) containing 1 mM EDTA and 5 mM 2-mercaptoethanol. Cells were then lysed in a French pressure cell at 20,000 lb/in2. Cell debris was removed by centrifugation at 37,000 x g for 10 min or 120,000 x g for 60 min. The protein content of the resulting supematants was determined by the absorbance at 280 and 260 nm (6) and by the method of Bradford (2) .
Electrophoresis. After samples were adjusted to equal protein concentrations, they were subjected to SDS-PAGE in 0.75-mm slab gels by the procedure of Lugtenburg et al. (7) . Slab gels were stained with 0.1% Coomassie blue R in 25% isopropanol-10% acetic acid and destained with 10% acetic acid-10% isopropanol.
Column chromatography. Form I and form II RuBP carboxylase/oxygenase were partially purified from cell-free extracts of carbon-starved cultures by diethylaminoethyl cellulose column chromatography as previously described (4) . Samples (25 ,ul) of each fraction were assayed for RuBP carboxylase activity. Active fractions from both peaks were pooled and concentrated by ultrafiltration in an Amicon model 12 ultrafiltration cell. Protein content of the concentrate was determined as before, and 10-,ul samples were assayed for activity.
RESULTS
Plasmid transfer. To determine the initial stability of plasmid pJB4JI in R. sphaeroides, two selection systems were employed. Transconjugants selected on plates containing streptomycin and gentamycin would be expected to carry both plasmid and transposon. Transconjugants selected on plates containing streptomycin and neomycin would include those strains selected by the above system and strains in which the plasmid had segregated out, leaving a copy of the transposon, TnS, behind. Since transfer frequencies were not significantly different between the two systems (both were around per donor cell), the plasmid appears to be fairly stable in this organism. In addition, when transconjugants were tested for resistance to the unselected antibiotic, greater thap 90% displayed such resistance, and the frequency of gentamycin-and neomycin-resistant clones was no greater in strains initially selected for gentamycin resistance than in strains selected for neomycin resistance.
Transconjugants of R. sphaeroides carrying pRK340 were selected on plates containing streptomycin and kanamycin. Because of contamination of the recipient strain with a spontaneous kanamycin-resistant mutant, transconjugants had to be screened for tetracycline resistance. Thus, precise transfer frequencies were not obtained, but were estimated at about 10-4 per donor cell. Strains carrying both tetracycline and kanamycin resistances were selected for further study.
Isolation of Aut-mutants. After ampicillin selection under autotrophic conditions, survivors were screened for growth on minimal salts media. Of 200 pJB4JI containing clones screened, 7 were found to be incapable of growth on MSM while growing normally on malate medium under anaerobic conditions in the light. Three of these mutants, KW44/8, KW45/143, and KW25/11 were also found to be incapable of anaerobic photosynthetic growth in a butyrate-bicarbonate media. These mutants were selected for further study.
After isolation, mutants were screened for maintenance of plasmid-and TnS-encoded drug resistances. Immediately after selection, mutants were found to express both Tn5-encoded neomycin and kanamycin resistance and the plasmid-encoded gentamycin resistance. After several passages on nonselective medium, gentamycin-sensitive strains were isolated. These strains were of two general types: (i) strains that retained both kanamycin resistance and the mutant phenotype and (ii) strains that had lost the kanamycin resistance and regained some ability to grow photoautotrophically. The latter strains were designated as revertants, whereas the former were perpetuated on kanamycin-containing media for further characterization. All further experiments were performed with strains that had lost the plasmid-encoded gentamycin resist- (Fig. 1) . As expected, mutant strain KW25/11 failed to attain high levels of RuBP carboxylase activity in the presence or absence of chloramphenicol.
Revertants tested for RuBP carboxylase activity under carbon starvation conditions were observed to have elevated levels of activity initially upon transfer from malate to carbon starvation medium. This elevation was particularly apparent in experiments done with the revertant of strain KW25/ii (Fig. 1) . Although the increase in RuBP carboxylase/oxygenase activity was only twofold in this case, because the initial activity was so high, this increase resulted in a final level of RuBP carboxylase 5.5-fold higher than the initial level of activity found in the wildtype malate-grown HR strain. This compared favorably with the 6.8-fold increase observed in experiments with strain HR. This initial elevation of RuBP carboxylase activity was less pronounced in experiments with revertants of the other two mutant strains, KW44/8 and KW45/143. This was particularly interesting in view of the fact that KW25/iiR grew the poorest of the three revertants on minimal salts media under an Hz-CO2 atmosphere.
SDS-PAGE profiles. To visualize any protein differences between the parental and mutant strains that might correlate with observed phenotypic differences, samples of the soluble portion of extracts obtained from endpoint cultures of carbon starvation experiments were run on SDS-polyacrylamide gels ( Fig. 2 and 3) .
In Fig. 2A Fig. 1. KW25/11 and KW44/8 (Fig. 3) . These two facts suggest an important role for this protein in RuBP carboxylase/oxygenase derepression under carbon starvation conditions. Proteins L2 (Mr 16,000) and Ml (Mr 25,000) are present in both mutants and absent in the wild-type strain regardless of the presence or absence of chloramphenicol (Fig. 3) . They are also present in extracts of malate-grown mutant cells, but not in the wild type ( Fig. 2A) . Protein L3 (Mr 14,000), on the other hand, is decreased under chloramphenicol treatment of KW25/11 and is present in low amounts in malate extracts (Fig. 2A) . It is produced by both mutants (Fig. 3) , and it is not produced to proportions visible on SDS-PAGE by the wild type under any conditions ( Fig. 2A) .
In addition to the differences observed relative to the production of low-molecular-weight proteins, some interesting observations can be made concerning the two enzyme forms from wild-type and mutant cells. The two RuBP carboxylase/oxygenase forms can be separated on SDS-PAGE gels and identified by their comigration with homogeneous enzyme (Fig. 2A) . It is interesting to note that only a slight difference exists in the intensity of bands comigrating with the form II enzyme from extracts of carbonstarved wild-type and mutant cells, about 12% more in the wild-type, according to densitometric tracings of the gel shown in Fig. 2B . Differences between soluble extracts of wild-type malate and carbon-starved cultures were also small, showing about a 30% increase in carbonstarved cells.
Observable intensity differences between protein bands of mutant and wild-type extracts of carbon-starved cells which comigrate with form I large subunit are variable and slight. However, a clear difference is seen with extracts obtained from wild-type cells incubated in the presence and absence of chloramphenicol (Fig. 2B) . In extracts of carbon-starved cultures incubated with chloramphenicol, this band is absent, and a second protein of higher molecular weight than the form I large subunit is observed. This band is also present in extracts of malate cultures and may represent a precursor of the form I large subunit or may be related to the microheterogeneity of large subunits that is often found associated with this enzyme. In extracts of wild-type strains not treated with chloramphenicol, the band comigrating with the large subunit is noticeably enhanced upon carbon starvation. Such clear differences are not observed in extracts of carbon-starved mutant cultures.
In Fig. 3 , extracts of two revertants grown under carbon starvation conditions are compared with their mutant parents and the wild type. Revertants produce neither the L2, L3, or Ml proteins present in mutants nor the Li protein produced by the wild type. In addition, a larger protein (Mr 34,000), M2, present in both wild-type and mutant strains, is absent in the revertant of KW25/11 and decreased in the revertant of KW44/8. Other than a slight increase in form I RuBP carboxylase/oxygenase in KW25/11R over its mutant parent, no significant differences in bands comigrating with pure RuBP carboxylase/oxygenase preparations are observed.
Column chromatography. The activity of both RuBP carboxylase/oxygenase enzymes was determined after separating the two enzyme forms by diethylaminoethyl cellulose column chromatography. Very little activity of either enzyme form was seen in extracts of wild-type cells starved for carbon in the presence of chloramphenicol (Fig. 4A) . Extracts of wild-type cultures starved for carbon in the absence of chloramphenicol were found to have increased levels of form I and form II activity, with form I predominating almost 3:1 (Fig. 4B) . Specific activities determined from pooled, concentrated fractions from the form I and form II activity peaks were 0.33 and 0.085 ,umol of CO2 fixed per min per mg of protein, respectively. Extracts of carbon-starved mutant cultures were found to possess form II activity levels comparable to those of wild-type cells, but form I activity levels were much lower than in the wild type (Fig. 4C) We have used the pJB4JI mutagenesis system, combined with ampicillin selection, to isolate mutants defective in the regulation of RuBP carboxylase/oxygenase activity and synthesis. In the initial experiment, seven mutants incapable of growth on H2 and CO2 were isolated. Of these, three, KW25/11, KW44/8, and KW45/143, were found to be incapable of photoheterotrophic growth in a butyrate-bicarbonate medium or photolithotrophic growth in an H2-CO2 atmosphere. Since CO2 fixation is the only common growth requirement, the metabolic defect is apparently at some step involved in CO2 fixation. To eliminate the possibility that the defect might be due to some defect in the photosynthetic apparatus, two strains, KW44/8 and KW45/143, were tested for chemolithotrophic growth in a C02-H--02 atmosphere. Neither strain could grow under these conditions, whereas the wildtype strain grew normally. In addition, all mutant strains grew normally when cultured photoheterotrophically in a malate medium, indicating that the photosynthetic apparatus remains intact.
That the genetic lesions of the mutants are caused by transpositional insertion of the TnS is indicated by two lines of evidence: (i) all mutant strains have lost the plasmid-encoded gentamycin resistance, but retain the transposon-encoded kanamycin resistance; and (ii) revertants of all three mutants have been isolated which have lost kanamycin resistance concomitantly with regaining some wild-type growth characteristics. In the absence of direct physical visualization, this is the strongest evidence possible to indicate that these are indeed transposon-mediated mutants.
Although the growth characteristics suggest that these mutants are defective in some aspect of CO2 assimilation, it was necessary to observe directly the increase, or lack thereof, of enzyme activity under conditions that normally result in a high level of the key enzymes of CO2 (Fig. 2) and is absent from two independently isolated mutants (Fig. 3) makes it a prime target for further investigation of its role as a potential positive effector molecule in the regulation of the RuBP carboxylase/oxygenase enzyme. In addition, three proteins, L2, L3, and Ml, which are either absent or produced in too small a quantity in the wild type to be prominent on SDS-slab gels (Fig.  2) , appear in mutants. It is possible that they are transposon-induced anomalies caused by premature termination of transcription due to transposon insertion or to some kind of polar effect. On the other hand, the possibility that one or more of these proteins is an overproduced negative effector molecule must be considered.
When revertants of these mutant strains are starved for carbon, neither Li nor the novel mutant proteins is produced (Fig. 3 ). Since these revertants still do not regulate the RuBP carboxylase/oxygenase enzyme in a normal manner (Fig. 1) , the possibility remains that Li is an important positive regulatory protein. However, the fact that all revertants isolated thus far are kanamycin sensitive indicates that some defect caused by the insertion of the transposon, other than the loss of Li, must be relieved before the cell can grow autotrophically. What this defect is is unknown. It should also be noted that another protein, M2, disappears in both revertants investigated (Fig. 3) . Whether this protein has a role in relieving the mutant phenotype has yet to be determined. Finally, some differences in the bands which comigrate with homogeneous preparations of the two forms of RuBP carboxylase/oxygenase are worthy of note. Although very little difference exists between the amount of form II enzyme present in carbon-starved mutant and wild-type strains, some interesting differences exist between the amounts and migration properties of the form I enzyme when the two strains are grown under various conditions ( Fig. 2A and  B) . Slightly more form I enzyme is seen in extracts of carbon-starved wild-type cells than in the mutants. In addition, when the wild-type strain is starved for carbon in the presence of chloramphenicol, a band of slightly higher molecular weight than form I is observed. This band disappears when the wild type is starved for carbon in the absence of chloramphenicol, and the band which comigrates with pure form I RuBP carboxylase/oxygenase intensifies. No such difference is observed between extracts of mutant cells starved for carbon in the presence or absence of chloramphenicol. The possibility that this higher-molecular-weight band could be a precursor ofform I RuBP carboxylase/oxygenase is under investigation.
R. SPHAEROIDES CO2 REGULATORY MUTANTS 515 least under conditions of carbon starvation. These results imply that some aspects of the regulation of the two forms of RuBP carboxylase/oxygenase present in R. sphaeroides are separate. However, although the results in Fig.  4B indicate that form I activity predominates under conditions of carbon starvation, this is not the case when cells are grown photoheterotrophically on a butyrate-bicarbonate medium or photoautotrophically (5; F. R. Tabita, submitted for publication), where form II is more highly active. Therefore, if these mutants were only blocked in form I derepression they might be expected to grow normally under these conditions. Since they do not, it is likely that form I and form II RuBP carboxylase/oxygenase derepression, although separate in some aspects, is still linked in some way.
By continuing to physiologically characterize these mutants, and by isolating the genes responsible for the observed defects we hope to further clarify the regulation of RuBP carboxylase/oxygenase in R. sphaeroides.
